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The number of man-made debris objects orbiting the Earth, or orbital debris, is alarmingly
increasing, resulting in the increased probability of degradation, damage, or destruction of
operating spacecraft. In part, small objects (o10 cm) in Low Earth Orbit (LEO) are of
concern because they are abundant and difficult to track or even to detect on a routine
basis. Due to the increasing debris population it is reasonable to assume that improved
capabilities for on-orbit damage attribution, in addition to increased capabilities to detect
and track small objects are needed. Here we present a sensor concept to detect small
debris with sizes between approximately 1.0 and 0.01 cm in the vicinity of a host
spacecraft for near real time damage attribution and characterization of dense debris
fields and potentially to provide additional data to existing debris models.
Published by Elsevier Ltd. on behalf of IAA. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The effects of collisions occurring at orbital velocities
range from minor to catastrophic. Increasing concentra-
tions of orbital debris, for example in commonly used
Low Earth orbit (LEO) altitudes between 400 and 2000 km
make the possibility of in-orbit collisions an area of
growing concern to space operations. Nearly 17,000 Earth
orbiting objects greater than 10 cm in diameter have beenA. This is an open access a
.
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nd, WA 99352, USA.cataloged by the Space Surveillance Network (SSN) and are
tracked by various ground-based sensor systems [1]. The
current density of objects in the Earth orbit (Figs. 1 and 2)
continues to increase, especially in orbits above about
800 km, where atmospheric drag is not very effective in
removing debris. The density is feared to eventually rise
above a critical value, causing a run-away chain reaction,
known as the Kessler syndrome [2,3]. In the Kessler
syndrome, the creation of debris from collisions will
occur faster than the removal of the debris by natural
orbital drag, and all operating satellites in these particular
orbital regions will quickly degrade or be destroyed within
months or years, contributing further to the debris field.
The Kessler syndrome represents an extreme condition,
but can easily be envisaged, especially considering the
trend toward increasing quantities of orbital debris in
recent years.
Fig. 1 shows the rapid increase in the number of objects
in the Earth orbit greater than 10 cm. In 2002, Crowtherrticle under the CC BY-NC-ND license
Fig. 1. Monthly number of objects in the Earth orbit cataloged by the US Space Surveillance Network (SSN), organized by object type. The two step
increases in 2007 and 2009 result from fragments from the FY-1C ASAT test and Iridium 33/Cosmos 2251 collisions, respectively [1].
Fig. 2. Change in distributions of SSN cataloged objects in LEO following the FY-1C ASAT test and Iridium 33/Cosmos 2251 collisions (Figure from Liou [10]).
More information on the distribution of orbital debris and projections for the future can be found in the literature (e.g. [10,11]).
C.R. Englert et al. / Acta Astronautica 104 (2014) 99–105100categorized objects 410 cm as “cataloged”, e.g. via the
SSN, objects 1–10 cm as “lethal”, and objects o1 cm as a
“risk” and provided estimates for each category, with
more than 100,000 objects in the “lethal” category [4].
By 2012 Levin et al. estimated there to be 500,000 poten-
tially lethal objects in the centimeter range (1–10 cm),
considerably more than the number estimated by
Crowther [4,5]. Objects smaller than 1 cm in cross sectionbecome increasingly difficult to detect from ground-based
sensors as their size decreases, and their numbers cannot
be reliably estimated [4,5]. Since 2002, two notable events,
the Chinese Anti-satellite Test (ASAT) in 2007 and the
collision of the Cosmos–Iridium satellites in 2009, have
added approximately 40% to the debris in LEO, signifi-
cantly increasing the challenges of operating in LEO [6–9].
The effects of these collisions can be observed in the step
C.R. Englert et al. / Acta Astronautica 104 (2014) 99–105 101changes in Fig. 1 for the years 2007 and 2009 and the
difference in debris profiles for 2007 and 2010 in Fig. 2.
Concomitant increases in the “lethal” and “risk” debris
categories may also be reasonably expected, although
these have not been quantified, significantly increasing
the hazards to spacecraft.
Collision probabilities with large orbiting objects can be
predicted with reasonable uncertainties, based upon data
accrued by the SSN and other sensors such as the Eur-
opean Space Agency's Optical Ground Station [12], allow-
ing spacecraft (S/C) to maneuver, reducing the probability
of collision. However, the same cannot be said for smaller
objects which generally have less frequent, lower fidelity
tracking data, or no tracking data whatsoever. With the
increasing number of small objects in orbit, particularly in
Crowther's “risk” category, improved debris detection,
coupled with greater predictive modeling is essential to
reduce collision probabilities.
Collisions with small orbital debris are responsible for
effects ranging from the continuous degradation of satel-
lite performance (e.g. degraded solar cells) to the sudden
damage of vital satellite components. Damage to the Space
Shuttle and other orbiting objects such as the Long
Duration Exposure Facility (LDEF) has been thoroughly
documented and ranges from significant to innocuous,
with some damage evident only through abnormalities
in satellite operation [13–18]. When satellite operation is
suddenly and inexplicably altered, damage can often be
attributed to orbital debris. For example, recent reports
documented by NASA show that suspect collisions with
small objects have introduced orbital anomalies [19,20].
Reports stemming from analysis of NASA's LDEF, flown for
69 months (50,000 h) in the late 80's, report greater
than 30,000 debris impacts visible to the naked eye over a
cross section of about 151 m2, with 5000 having a dia-
meter of over 0.5 mm [4,8,21]. Since that time, orbital
debris has significantly increased. Grossman et al. and
other authors provide an overview of the quantities,
characteristics, and sources of some debris found in LEO
[4,10,21]. However, the unambiguous attribution of satel-
lite anomalies to small debris collisions is currently very
difficult.
Objects of 1 cm in size and smaller can inflict serious
damage to operating satellites, since relative speeds of
several kilometers per second are typical for orbital
collisions. For comparison, the speed of a 9 mm bullet
leaving the barrel of a gun is about 0.3 km/s. Crowther
compares the impact of a small coin traveling at 10 km/s as
equivalent to the impact of a small bus traveling at
100 km/h (62 mph) [4]. Thus, even small objects, currently
not tracked by the SSN, are of serious concern for S/C
operations.
Several mitigation strategies for the debris problem
have been proposed and some of them are already opera-
tional. To protect S/C, debris shields (e.g. Whipple shields)
can be used. These are particularly effective for very small
debris (micron size, micrometeoroids). Liou reports that
the US modules of the International Space Station (ISS)
have been designed to protect against impacts from debris
less than 1.4 cm in diameter, but there are over 1200
objects with a diameters greater than 1.4 cm in orbitscrossing the ISS orbit [10,22]. However, some parts of S/C,
like solar panels or optical apertures, are hard to shield.
In the following, we present a concept for an in-orbit
device to observe the presence of orbital debris passing in
close proximity to the device for near real time damage
attribution and characterization of dense debris fields.
As described above, this concept is motivated by the
rapidly growing population of small orbital debris objects
in Crowther's “risk” and “lethal” categories [4], and the
likelihood that the number of hard to track, small debris
objects in the size range of approximately 1 cm and below
will increase or at least stay constant in the foreseeable
future. Consequently, we face the prospect of increased
collisions with objects in these categories, making it
essential that we introduce capabilities for improved
on-orbit damage attribution. As mentioned above, the
concept presented here can be used for two primary
purposes: (1) improved, near real time damage attribution
for particles down to about 0.01 cm diameter, which can
be achieved by correlating debris detection with S/C
subsystem failures or anomalies, and (2) characterization
of existing and new debris fields containing enhanced
densities of small objects, e.g. debris fields created by the
fragmentation of a larger object such as a rocket body, or
after a collision of two larger orbiting objects. In general,
data from instruments using this approach could also be
used in operational debris models like ORDEM [11], even
though the approach has limited spatial coverage and
is primarily intended for improved damage attribution.
The details of how these data would be incorporated into
debris models will depend on the individual model and
are beyond the scope of this paper.
2. Sensor concept
The fundamental concept for the orbital debris detec-
tion sensor, shown in Fig. 3, is to create a light sheet by
using a collimated light source (e.g. a low power laser) and
a conic mirror, as shown in Fig. 3a. When the flight path
(i.e. orbit trajectory) of an orbital debris object intersects
the light sheet, the object will scatter, reflect, transmit
and/or absorb the light. Part of the scattered light will be
detected by a CCD camera interfaced with a wide angle
lens (e.g. a fisheye lens with 1801 field of view). The key
idea of the concept is to form a permanently illuminated
light sheet rather than scanning a beam. This way, all
particles intersecting the beam will scatter the light from
the source, independent of the time of intersection with
the plane of the light sheet. This allows for continuous
operation. The knowledge of the light sheet geometry and
the angles of the scattering event with respect to the
camera derived from the signal location on the sensor
allow the determination of the intersection point. The size
and shape of the scattering event on the sensor may
contain retrievable information about the size and shape
of the debris particle. As envisioned, this concept, imple-
mented with a low power laser, is expected to be able to
detect debris passing by the spacecraft within a range of a
few meters, mainly depending on the light source inten-
sity, size and scattering properties of the particle, and
distance from the sensor.
Fig. 3. (a) Representative components for an optical orbital debris spotter. Lateral distances between the conic mirror and the camera lens are envisioned
to be about 10 cm or more; the conic mirror can be 1 cm in diameter or smaller; the size of the light source (e.g. laser) depends in part on the desired
output power, but could be as small as a laser pointer. (b) Concept for employment of the orbital debrisspotter. This is only a conceptual illustration and
does not represent a mature design implementation on a particular platform. As in Fig. 3a, the arrow represents the trajectory of a orbital debris particle.
Note that if the debris particle is illuminated by the Sun, the wide angle camera would also detect scattered sunlight from the particle all along the particle
trajectory, which would make the particle appear as an additional streak in the recorded image.
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in Fig. 3 and to provide a preliminary signal estimate, it is
helpful to consider an example calculation of the predicted
signal return for a given size of an orbital debris object. For
purposes of example, we will assume:1. the simulated debris object has a typical length scale of
L (e.g. a cube with side lengths of L);2. a relative debris object velocity of v¼10 km/s;
3. an intersection location within the laser sheet any-
where on a radius R¼1 m from the conic mirror;
4. a red (λ¼630 nm) laser with an output power of P;
5. the debris object scatters all the incident photons into a
solid angle of 2π;
6. the camera is a distance of r¼1 m away from the
location of the scattering event;
7. the optical efficiency of the camera is 100%;
8. the camera aperture size is A¼1 cm2.Using these assumptions, we can calculate the number
of photons N that would be recorded by the detector:
N¼ PAL2λ=ð4π2hcvRr2Þ ð1Þ
where c is the speed of light and h is the Planck constant.
Note that the exact thickness of the light sheet is not
required in this equation, since a thicker sheet with
a correspondingly smaller photon flux also results in a
longer time of the object in the sheet. Both these effectsare linear with respect to the detected photons and
therefore cancel.
We also note that the camera does not have to be
read out with an image frequency corresponding to the
average time the object remains in the laser sheet. Longer
integration times on the order of seconds will provide
sufficient time resolution for debris detection and damage
attribution.
To estimate the performance of the system, we have to
estimate how many photons have to be detected by the
camera to achieve sufficient signal to noise, allowing
detections with high confidence. Considering a compact
camera such as the Starlight Xpress Lodestar [23], which
achieves a read noise level of 10 electrons for a read
out time of 0.2 s and a dark current of 0.1 electrons per
pixel per second, we find that N¼100 is required for an
adequate signal to noise ratio.
Using the above assumptions and NZ100 photons, we
find using Eq. (1) that the product of the light source
power P and the squared characteristic particle length
scale L2 is 1.25∙103 Wcm2. Thus, it would take a 1.25 mW
output power source to detect a 1 cm particle at the
distance of 1 m, or alternatively it would take a 12.5 W
source to detect a 0.01 cm particle at the same distance.
As a reference, for the year of 2015 and the orbit of
the International Space Station (ISS, altitude¼400 km,
inclination¼51.61), the NASA ORDEM model predicted
the cross sectional flux of particles that are sized 1 cm
and above to be about 1∙105 particles/m2/year and of
C.R. Englert et al. / Acta Astronautica 104 (2014) 99–105 103particles that are sized 0.01 cm and above to be about
10 particles/m2/year. Other Earth orbits, particularly
around the peak altitudes of 800 km and 1500 km can
have higher debris particle densities by a factor of 10 or
more [11]. Thus, if placed at one of the peak debris density
orbits, a sensor that can detect 0.01 cm particles within a
radius of up to 1 meter would detect about one particle
per day.
In addition to detection via scattered light from the
object passing through the light sheet, the camera will also
detect orbital debris via scattered sunlight if the geometry
is favorable, i.e. the object is sunlit and scatters light in the
direction of the camera. In these situations, the object will
appear as a streak, or line in the camera image. The signal
generated from passing through the laser sheet will
allow the determination of the position of such particles
with respect to the host spacecraft if they are within the
sensitivity range. In addition, if the position and attitude of
the host spacecraft are known, e.g. using a Global Position-
ing System (GPS) and a startracker, the particle position
can be specified in an Earth centered coordinate system.
3. Design considerations
Several design details and features may be considered
to optimize the performance and reliability of the device,
depending upon the debris detection requirements. For
example, to be more effective, the instrument can be
optimized to minimize the effect of parasitic light sources.
This may be accomplished by orienting the field-of-view
to exclude bright objects, such as the Moon, Sun, or Earth's
disk, that could overwhelm a detection event. In addition,
the light sheet can be created using a monochromatic
source (e.g., a laser) and paired with a matching bandpass
interference filter, so that only the laser wavelength is
detected. Similarly, the camera sensitivity and light sheet
can be restricted to favorable wavelengths, like the ultra-
violet, where the Sun, Moon and especially the Earth are
less bright. Background signals or single pixel events
caused by energetic particles passing through the detector
focal plane could be suppressed using techniques such as
consecutive differential imaging, or coincidence detection.
Both may be accomplished using a split detector array or
using a separate camera. Thus, an event detected in both
images is a more reliable discriminator of a debris detec-
tion event, as opposed to a cosmic ray event on one
detector array. While these approaches add some cost
and complexity to an otherwise simple system, they are
well within the normal design considerations and con-
tribute significantly to the fidelity of the measurements.
More sophisticated systems for debris mapping could
be envisioned based upon this approach. These might
include multiple sensors observing the same light sheet,
or systems having more than one light sheet, thereby
increasing the information obtained from each detection
event. For example, two light sheets formed from different
wavelengths of light, as part of the same detection system,
would allow separate signals from each light sheet to be
discriminated in the images taken by one detector, or
multiple cameras. Multiple light sheets or multiple sensing
systems could provide redundancy, and improve debrisdetection fidelity. In particular, for multiple light sheets
that are spaced apart from each other, two intersection
locations can be retrieved, allowing the retrieval of trajec-
tory direction information.
The instrument size of a basic Optical Orbital Debris
Spotter system is estimated to be approximately 10 cm
10 cm 20 cm in size, have a mass of approximately 2 kg,
and a power consumption of about 10 W plus the light
source power. The low size, weight, and power require-
ments of this type of orbital debris detection system lend
a great deal of flexibility that permits development
of modular or standalone devices for incorporation into
systems under development, or rapidly deployable new S/
C systems, or as a secondary or tertiary payload on a larger
mission.
4. Discussion
In an environment of rapidly increasing orbital debris,
there is a need for improved attribution of damage to
operating satellites inflicted by small scale objects (r5 cm)
that are very challenging to detect and track from the
ground. The optical orbital debris spotter could provide near
real-time, in-situ data for this purpose. The small size, low
weight, and low power requirements could enable the
widespread deployment of such a system in configurations
tailored to meet specific mission requirements. In addition,
the sensor could be used for the investigation of dense debris
fields.
As mentioned previously, many debris studies are
performed using damaged satellite surfaces that are
brought back to the Earth after months or years in orbit.
This concept would provide, at a minimum, a similar or
even improved data set in close to real time without the
expense of returning the “surface” from orbit. The lack of
the requirement to bring an impact surface back to the
Earth for analysis and the ability to obtain near real time
debris information for damage attribution are the main
differences between this concept and most other space
based and ground based debris sensors. It must be pointed
out that any object size determination by this sensor
depends on the optical properties of the particle and
the imaging quality of the camera. In the scope of this
work, no rigorous investigation of the uncertainties in
size estimation was conducted. Furthermore, this sensor
does not perform a direct velocity measurement, even
though the position and direction information obtained
from a two-sheet sensor could be used to inform orbit
re-construction.
Small, standalone sensor systems, such as the optical
orbital debris detector, could also be deployed rapidly
within a debris cloud (e.g. a cloud that is the result of a
satellite collision) to provide in-situ measurements of
debris density and distribution. The sensor would monitor
the evolving conformation (time, location, approximate
size, direction of trajectory) of the recently generated
debris field, particularly the small debris particles, provid-
ing valuable input for modeling and prediction software
that are starved for information on small (o1 cm) debris
pieces. Such a mission could be implemented within
a rapid turn-around program, for example within the
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mented on a dedicated CubeSat, the disposable nature of
such a system would permit the gathering of more
intimate debris field data, because the risk of losing the
S/C at some point during the mission by a fatal collision
could possibly be acceptable. An understanding of the
time-dependent behavior of dense debris clouds could
ultimately contribute to better debris field modeling.
As discussed above, an instrument like the optical
orbital debris spotter could be used for collision/damage
attribution. Presently, non-catastrophic damage must be
inferred from sudden orbital anomalies, and damage from
collisions that do not perturb the S/C orbit or attitude
appreciably is difficult to distinguish from equipment
malfunction [19,20]. There are capabilities to detect debris
particles in the centimeter and sub-centimeter size ranges
[11], but these particles are generally extremely difficult to
track, hampering the unambiguous damage attribution
using this data. Several concepts exist or are already
deployed to directly sense collisions with particles down
to microscopic size particles such as on-board vibration
sensors or polyvinylidine fluoride (PVDF) foil sensors, but
the location of the collision may or may not be known, and
for these particular sensors, the detection area is at the
most the size of the spacecraft cross section [5,25,26]. An
optical debris spotting system could facilitate damage
attribution in near real-time, providing a means of asses-
sing the location of the collision on the S/C and informa-
tion related to the size and trajectory of the debris piece, as
well as providing information regarding near collisions
outside the S/C sweep area. Attribution information pro-
vided by the optical debris detector could provide a
powerful diagnostic tool for assessing S/C health or con-
tinued operation following a collision. For instance, colli-
sion events leading to solar array degradation could be
distinguished from other failure modes like effects from
severe solar radiations events. This type of near real time
information is likely only obtainable for an on-board
detector, since ground based and other remote sensing
space based debris detectors currently do not have the
ability to locate debris particles with the necessary spatial
accuracy of tens of centimeters.
Whether individually, or as a part of a distributed
network, data from in-situ orbital debris detection could
be used to educate debris modeling algorithms to improve
collision forecasting and S/C survivability. As mentioned
above, improved modeling using the data from such a
sensor could be the achieved by incorporating of the data
into existing orbital debris models such as ORDEM [11].
5. Conclusions
A few debris studies have been performed using
satellite surfaces that are damaged by debris impacts and
that are brought back to the Earth after months or years in
orbit, e.g. LDEF or the Hubble Space Telescope Solar Arrays
(HST-SA) [11]. The Optical Orbital Debris Spotter concept
would provide, at a minimum, a similar or even improved
data set (e.g. including trajectory directions), in close to
real time and without bringing the “surface” back to the
Earth. An optical orbital debris system in the simplestconfiguration has significant potential for direct S/C
damage attribution, rather than relying upon the inference
of collision damage from S/C anomalous behavior. In
addition, more sophisticated systems or distributed sensor
systems could be used to gather near real-time orbital
debris data (time, location, approximate size, and trajec-
tory) for use in debris modeling (e.g. ORDEM) and collision
forecasting, improving knowledge of space debris with
less than a 1 cm2 cross section. When implemented on a
dedicated nanosatellite or CubeSat, an optical orbital
debris spotter unit could be considered disposable, per-
mitting deployment of the system into otherwise highly
risky, dense debris environments, enabling access to
otherwise difficult to obtain debris field data.Acknowledgments
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